The FLP protein is a site-specific recombinase that is encoded by the 2~ plasmid of Saccharomyces cerevisiae (Cox 1989; Sadowski 1993; Jayaram 1994) . Two FLP recombination target sequences [FRTs) are present on the plasmid, and recombination between them during replication results in amplification of plasmid copy number. The minimal FRT site consists of two 13-bp inverted repeats separated by an 8-bp spacer region [ Fig. 1 ) . A third repeat present in a wild-type FRT has no apparent effect on recombination efficiency. Each FRT site has two 12-bp binding sites for FLP protein, spanning the outer base pair of the spacer sequence and 11 bp of the neighboring repeat on either side.
FLP is an integrase-class recombinase, exhibiting a mechanistic and structural relationship to a family of >30 proteins that includes the bacteriophage k integrase [Argos et al. 1986; Abremski and Hoess 1992; Stark et al. 19921 . The family can be subdivided into two types [Craig 1988; Landy 1993; Sadowski 1993) . Type I enzymes, including FLP and the Cre recombinase of bacteriophage P1, have a single DNA-binding domain and are targeted to relatively simple recombination sites. The }, integrase is a type II enzyme. It has two DNA-binding domains with different sequence specificity. Its recombination site in the DNA can be much more complex, and recombination is facilitated by several other proteins.
Recombination promoted by enzymes of the integrase family, regardless of type, proceeds via a similar mechanism. A sequential pair of reciprocal strand exchanges generates, and then resolves, a Holliday intermediate (or, alternatively, a × structure) . The first strand exchange is initiated when each recombining site is cleaved at one tCorresponding author.
boundary of the spacer region, replacing the phosphodiester bond with a 3'-phosphotyrosine covalent adduct via trans-esterification. The liberated 5'-hydroxyl ends act as nucleophiles in a second set of trans-esterification reactions to complete the strand exchange and generate the Holliday junction. A similar set of reactions at the other end of the spacer region resolves the Holliday junction to create recombined products. The nucleophile in the initial cleavage step is a tyrosine residue [Tyr-343 in FLP; {Evans et al. 1990) ] that is highly conserved in the integrase family. One His and two Arg residues are also conserved and play role in activating the scissile phosphodiester bond for cleavage (Pan and Sadowski 1992; Kimball et al. 1993) .
In the FLP system, mutations in the Arg-His-Arg (RHR) triad do not complement each other, but enzymes with these mutations are complemented in vitro by enzymes with a mutation in Tyr-343 (Chen et al. 1992) . This and related observations led layaram and colleagues to propose that DNA cleavage by FLP recombinase was mediated by a composite active site. The RHR residues were contributed by the FLP monomer bound to the FLP recognition sequence adjacent to the scissile phosphodiester bond, whereas the tyrosine was contributed by a different FLP monomer (layaram 1994) . Because the nucleophylic tyrosine comes from an FLP monomer not bound to the adjacent FLP recognition sequence, cleavage is said to occur in trans. When one factors in both of the recombination sites undergoing a reaction, with up to four FLP monomers taking part, there are actually three different possibilities for cleavage in trans ( Fig. 2A-C ). These are trans-horizontal (cleavage across the spacer by the other FLP monomer bound to a single FRT), transdiagonal, and trans-vertical. The last of these utilizes only two FLP monomers to form the two composite active sites needed for reciprocal strand exchange, whereas the other two models require four monomers to form the same two active sites. The remaining alternative, in which a monomer cleaves the phosphodiester bond adjacent to where it is bound, is called cis cleavage. All of these models can be drawn with protein monomers related by a twofold rotational axis. For FLP, the original results leading to the proposal of cleavage in trans by FLP recombinase (Chen et al. 1992) were consistent with either the trans-horizontal or the trans-diagonal mode, with some evidence favoring the latter possibility. Although the trans-diagonal mode was emphasized in a number of subsequent reports, more recent results from the Jayaram group strongly favor the trans-horizontal mode (Lee et al. 1994 ). The results have been quite different for the k integrase. Although one study demonstrated a mutational complementation that supported trans cleavage (Han et al. 1993 ), more recent results strongly favor cis cleavage {Nunes-Dfby et al.
1994
). The sometimes conflicting results have led to some speculation about a possible duality in the reaction mechanism of integrase-class recombinases.
In the FLP system, these mechanisms are manifested not only in DNA cleavage patterns but also in the formation of highly stable protein complexes. When a modified FRT site (with a symmetrical spacer sequence} is cut symmetrically in the spacer region to create a halfsite, recombination does not occur. However, FLP binds to half-sites and links multiple sites together in noncovalent head-to-head complexes that have a lifetime on the order of hours (Qian et al. 1990 ). Some of the halfsites are cleaved in these complexes. The dimeric species is most prevalent, but a trimeric species is also prominent. Tetramers are observed but at levels that nearly defy detection (Qian et al. 1990 ). There is also evidence that the k integrase functions as a trimeric complex (Franz and Landy 1990; Kho and Landy 1994) .
We have re-examined the extent of DNA cleavage in the trimeric half-site complexes in a more rigorous way. This led to a series of experiments suggesting that three FLP protein monomers combine to form two composite active sites for cleavage, whereas a fourth FLP monomer is either absent or only has an auxiliary function. The results may reflect novel aspects of the inherent asymmetry in FLP complexes that are inconsistent with the models shown in Figure 2 , A-C.
Results

Experimental design
The experiments described below were designed to evaluate the numbers of FLP monomers present in FLP complexes that carry out DNA cleavage and/or strand exchange during site-specific recombination. The work focuses on the stable noncovalent FLP complexes with half-FRT sites observed by Qian et al. (1990) and on Holliday junction resolution experiments modeled after those of Sadowski and colleagues . Numbers of FLP monomers in complexes are inferred from the number of FLP-binding sites present in the DNA substrates, supplemented by data from gel retardation experiments.
Extent of DNA cleavage in FLP protein complexes observed with half-FRT sites
When FLP recombinase is incubated with half-FRT site substrates, head-to-head dimeric and trimeric species are formed that are highly stable. These species were identified and characterized in detail in a previous report (Qian et al. 1990 ). Half-FRT sites can be end labeled so that the label is removed if the DNA is cleaved by FLP recombinase. Previously, we estimated the extent of cleavage in the complexes by comparing the fraction of DNA in each species (determined by densitometric scans of negatives of gel photographs) to the fraction of label in each species (determined by scintillation counting of the isolated DNA species from the same gel). Although these methods had several potential sources of error, we estimated that 50% _+5% of the sites had been cleaved in the dimers. The data for the trimers were less reliable, indicating that 61%-77% of the half-sites were cleaved. The results were the same after either 5 or 30 min of reaction, so that the extent of cleavage appeared to reflect a reac o tion endpoint regardless of the time at which the determination was made. We determined that more accurate numbers might be informative and developed a procedure with a better internal standard. The XbaI-cut half-site D N A substrate ( Fig. 3} was labeled uniformly at both ends. When this molecule is cut by a second restriction enzyme (PstI) to generate two pieces, both of the resulting gel bands have the same a m o u n t of label, and the fragment lacking the half-site {0.8 kbp} becomes an internal standard with which to evaluate loss of label from the half-site fragment {2.0 kbp). After reaction to form complexes, the dimeric and trimeric species were cut out of gels. The D N A in each band was then isolated, treated with PstI, and run on another gel {Fig. 4). The gel was dried, and the labeled bands cut out and evaluated by scintillation counting. Loss of label at the half-site end relative to the other end quantitatively reflects the extent of D N A cleavage in the complex.
The data are summarized in Figure 4D . In the dimeric complexes, 50% of the half-sites were cleaved, confirming the earlier result. In the trimeric complexes, two of three half-sites were cleaved. The complexes analyzed in Figure 4D were isolated after 10 min of reaction. These numbers were highly reproducible. Although a variety of interpretations are possible, the simplest is that three FLP monomers bound tightly to D N A are required for two cleavage events.
x-Structure resolution
Additional experiments were carried out to determine whether the 3:2 monomer/cleavage ratio could be substantiated in other FLP reactions. The X-structure molecules, either isolated from FLP reactions or made from synthetic oligonucleotides, can be resolved efficiently by FLP protein {Dixon and Sadowski 1993}. In this study we used synthetic × structures as D N A substrates. The wild-type × structure contains four FLP-binding sites. The flanking sequences are nonhomologous and stabilize the × structure {see Materials and methods). The arms also differ in length so that the products reflect the location of the cleavage and strand exchange by which they are generated. The × molecules were labeled at the 5' end of one oligonucleotide {the 80-met, Fig. 5 ). Resolution of the wild-type × molecule should generate two different products (Fig. 5 ), separable by gel electrophoresis. Additional × structures were generated that lacked one or more of the FLP-binding sites. The altered binding sites were designed to represent the least optimal site possible, with 10 of 13 positions changed to sequences that have the most adverse effect on binding as defined previously (Senecoff et al. 1988) . The X structures with one, two, three, or four FLP-binding sites altered were synthesized and labeled as for the wild-type × structure. The × structures were used to determine the effects of the site alterations on resolution by FLP protein.
When the wild-type × structure was reacted with FLP protein, the two expected radioactively labeled product bands were observed {Fig. 6). The yield of these two prod-
Cold Spring Harbor Laboratory Press on January 26, 2012 -Published by genesdev.cshlp.org Downloaded from ucts was approximately the same, indicating that the wild-type × structures are resolved at either side of the spacer with equal probability. The majority of X structures are resolved within 5 m i n of incubation with FLP protein at an FLP monomer/FLP-binding site ratio of 2 (Fig. 6B ). The × structure with one FLP-binding site altered was resolved only at the right side of the spacer (the side distal from the altered site), as indicated by the appearance of only the 70-bp product (Fig. 6 ). The resolution efficiency of this structure, however, was comparable to that of wild-type molecules. We wished to determine whether the high level resolution of the X structure with one altered FLP-binding site was an artifact of a long incubation period that obscured a m u c h slower resolution reaction. The time course shown in Figure 6B demonstrates that the kinetics of the resolution reaction with this substrate are comparable to those observed with the wild-type x. These results show that removal of one FLP-binding site does not greatly affect the × structure resolution on the side where it retains two intact FLP-binding sites.
Qian and Cox
Previous results indicated that × structures with two altered FLP-binding sites could still be resolved . The alterations used in the earlier study were not as extensive as ours. With the completely altered binding sites, removal of two sites had a dramatic and deleterious effect on the efficiency of resolution (Fig.  6A,B) . The resolution that did occur was observed primarily on the right side of the spacer, where two intact FLP-binding sites (Fig. 5, b and b') are retained. The resolution products of the reactions shown in Figure 6 were run on a denaturing gel to confirm that they were ligated fully (data not shown).
There are two other configurations for X structures with two FLP-binding sites altered. We therefore looked at X structures with FLP-binding site pairs ab or ab' deleted by mutation. Both were resolved even less efficiently than when the a and a' sites were absent (Fig. 6B ). When the a and b sites were absent, small a m o u n t s of a possible deletion product were generated at rates substantially less than that shown in the generation of products from the × structure modified at a and a'. As shown in Figure 7 , the apparent deletion product observed mi- resolution. When FLP protein was incubated with wildtype x structures, four new bands were observed in a gel retardation assay {labeled xcl, XC2, ×c3, and XC4 in order of fastest migration; Fig. 8 ). As reported previously {Dixon and Sadowski 1993), these can be attributed to the binding of one, two, three, or four FLP protein monomers to FLP-binding sites on the X structure. Protein-D N A complexes formed by FLP protein binding to the linear products of resolution were also present (lcl and lc2). Two additional and slowly migrating bands observed when high FLP concentrations were combined with the normal × structure were not identified. FLP protein binding to a × structure with one altered FLP-binding site generates two major bands, ×c2 and ×c3, that comigrate with the complexes we attribute to a complex with two or three FLP monomers, respectively. At very high protein concentrations, a weak band corresponding to ×c4 was also observed. Resolution products were observed in abundance at FLP concentrations of Figures 6 and 7 includes a proteinase K treatment of the products. As detailed below, omitting the proteinase K step eliminated the generation of products with this × structure but not those examined in Figure 6 , so that the product generated in the absence of the a and b sites did not reflect normal and complete resolution and probably includes covalently bound FLP protein. We note that the cleavage that occurs when the a and b sites are missing is likely to reflect the trans horizontal cleavage mode. The × structure with the a and b' sites missing did not produce a significant amount of product in the resolution assay. When three or four FLP-binding sites were altered, no product band was detected (Fig. 6A, B) . We concluded that three FLP-binding sites, but not two, are both sufficient and necessary for efficient × resolution. When two FLP-binding sites were deleted, a m u c h reduced but significant level of resolution product was obtained only when the intact FLP-binding sites were on the same side of the spacer, as the × structure is drawn in Figure 5 .
FLP protein binding to × structures
The n u m b e r of FLP protein-binding sites available does not necessarily equate to the number of FLP monomers in a complex. We wished to estimate the number of FLP monomers in complexes that were active in × structure , 390, 195, 98, 39 , and 20 nM in each set of lanes from left to right. XC 1-XC4 are complexes formed by the binding of one, two, three, and four FLP monomers to X structures, respectively, lc 1 and lc2 are complexes formed by binding one or two FLP monomers to the linear resolution products, respectively. The two linear products are 70 and 80 bp, respectively (see Fig. 5 ). In the reactions with the X structure with one arm mutated (B), the XC2 complexes run as a doublet. This is presumably because the two alternative forms of this complex have slightly different mobil{ties.
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Q i a n and C o x less than one-quarter of that required to generate a detectable a m o u n t of XC4. FLP protein was also bound to × structures with two altered FLP-binding sites. At relatively low FLP protein concentrations, the two fastest migrating complexes, xcl and ×c2, are observed, but no resolution occurs. At high protein concentrations, ×c3 was also formed. Notably, the resolution products also appeared at higher concentrations of FLP protein. The strongest correlation evident is that between resolution and the appearance of complex Xc3.
It is possible that the resolution of X structures could affect the generation of bound complexes in the experiment shown in Figure 8 . We therefore examined the accumulation of FLP protein/x structure complexes while blocking X structure resolution. Mutant FLP protein Figure 10 . SDS-resistant complexes of FLP protein with X structures. FLP protein was reacted with the indicated × structures. Reactions were carried out as in Fig.  6 , except that they were stopped by the addition of SDS only, as described in Materials and methods. Samples were run in an 8% (A)or 5% (B)polyacrylamide gel in a buffer (pH 10.1) containing 1.44% glycine, 25 mM Tris base, and O. 1% SDS. Gels were run at 25°C at 120 V for 2.25 hr. Concentrations of FLP protein and × structures were 39 and 4.9 nM, respectively. complexes with the m u t a n t FLP protein of higher order than ×c2.
The lack of resolution products for the × structure missing sites a and b suggests that the products shown in Figure 7 reflect proteinase K digestion of a p r o t e i n -D N A covalent complex. This is confirmed in Figure 10 . When complexes of this × structure and wild-type FLP protein were treated with SDS only, -4 0 % of the D N A was found in a species that migrated slower on the gel {Fig. Figure 9 , results in accumulation of complex Xc3. Little Xc4 was formed in this reaction. When binding to the wild-type X structure, the m u t a n t FLP protein forms predominantly Xcc4 complex. For m u t a n t FLP protein binding to × structure with two altered FLP-binding sites (a and a'), complex Xc3 is formed only at high protein concentrations {Fig. 9). For the × structures with two different FLP-binding sites altered, either a and b or a and b', only complexes xc 1 and ×c2 are formed. Clearly, blockage of the D N A cleavage with the Y343F m u t a t i o n successfully traps the higher order protein complexes, as evident for the wild-type X structure. In this respect, the highest order stable FLP protein complex that a X structure with one altered FLPbinding site can form is a trimer. Formation of a trimeric complex apparently does not exclude binding of a fourth protein if the corresponding wild-type FLP-binding site is available. The results suggest that the minimal active FLP protein complex is one containing three FLP m o n omers.
Reactions with wild-type FLP protein are included in Figure 9 for comparison. The formation of resolution products is again seen to correspond to the formation of ×c3 complexes in the gel retardation assay. The × structures with FLP-binding sites a and b or a and b' do not yield resolution products in this assay {which does not include either proteinase or SDS}, and neither one forms (Fig. 10B) . This SDS-resistant complex was formed at much lower levels or not at all when any of the x structures examined in Figure 6 were tested (data not shown).
Exploring the role of the third FLP monomer
The third FLP monomer might play an auxiliary role in the resolution reaction, or it may be directly involved in the sense that it contributes some portion of the active sites. To distinguish between these possibilities, a stable XC2 complex (X structure bound by two FLP monomers) was preformed by incubating wild-type FLP protein with X structures containing only two FLP-binding sites. Although resolution of this x structure is relatively weak, it is stimulated significantly by the addition of more wild-type FLP protein (Fig. 11) . If the third FLP monomer plays only an auxiliary role in the reaction, mutant FLP proteins might substitute for the wild-type protein in this stimulation effect. As shown in Figure 11 , FLP mutants, in which either the active site tyrosine or both the tyrosine and histidine 305 are mutated, do not substitute for the wild-type protein. Addition of mutant FLP (Y343F), which can still contribute the RHR triad active site residues, has a much reduced effect. Addition of the mutant FLP (Y343F, H305S)inhibits the reaction as compared to a control in which only buffer was added. The results suggest that the third FLP monomer plays a direct role in the resolution reaction, although we cannot eliminate the possibility that some of the inhibition caused by the mutant proteins is caused by substitution of mutant for wild-type protein at unmutated FLP-binding sites.
Reaction of a full FRT site with a singular half-site
Because only three FLP monomers appear to be necessary to carry out the two cleavage and strand exchange reactions needed to resolve a Holliday structure, we tested whether this held true for Holliday structure generation. To test whether a single half-site can react with full FRT site, the plasmid pXHQ01 was cut with EcoRI to generate a half-site with an 8-bp spacer segment that precludes formation of a head-to-head pseudo-full site (Fig. 3) . This half-site was 3' end labeled. When this molecule is reacted with a full site, only three FLP-binding sites are available. No strand exchange is observed with these substrates (Qian et al. 1992 ; data not shown). However, cleavage of the half-site may occur and should be readily detectable. As shown in Figure 12 , no half-site cleavage product was detected in the reaction. Lengthening the half-site so that nonspecific DNA was available on the opposite side of the spacer sequence to bind to FLP protein did not affect the result in reactions with normal full sites. No strand exchange was observed (data not shown). As a control, the reaction of the full site with itself proceeded efficiently in the same reaction mixture (data not shown}. In contrast, an XbaI-cut halfsite (which is capable of dimerizing to form a pseudo-full site), can be cleaved either in a reaction alone or in a reaction with a full site, as reported previously (Qian et al. 1992; Chen et al. 1993 ). The results indicate that four FLP monomers bound to their specific recognition sequences are required for Holliday structure generation.
Discussion
In this study we define a novel aspect of the inherent asymmetry in FLP protein complexes that carry out sitespecific recombination. Three FLP monomers bound to their cognate binding sites are necessary and sufficient for the DNA cleavage and strand exchange steps that resolve a X structure intermediate. The results are similar to those obtained for the )~ integrase by Landy and colleagues (Franz and Landy 1990 ). In addition, in stable trimeric complexes formed with FLP protein and half-FRT sites, two of three available half-sites are cleaved. These results contrast with the defined requirements in the reactions that generate a x structure, where four FLP monomers bound to their cognate binding sites are needed.
If the fundamental catalytic unit of FLP recombinase is a tetramer arranged as a cooperative dimer of dimers, as the results obtained for X structure generation suggest, then a fourth FLP monomer, bound nonspecifically and difficult to detect, may play either a direct or auxiliary role in x structure resolution. Here, we present and discuss an alternative hypothesis that a trimeric assembly of FLP monomers represents a key catalytic unit in FLPmediated reactions.
Taken alone, the results of this study (exclusive of Figure 11 argue for a direct role for the third FLP monomer and against an auxiliary role. The overall results of the study are even more difficult to reconcile with mechanisms for cleavage requiring the close cooperation of four FLP monomers, such as the trans-horizontal or trans-diagonal modes (Fig. 2) .
However, the results must be viewed in the context of a series of results from Jayaram and colleagues that demonstrate a trnns-cleavage mechanism for FLP. Chen et al. (1992) observed a trans cleavage of a half-site in a reaction with full sites that indicated a trans-diagonal cleavage pattern. The trans-cleavage idea was augmented in a subsequent series of reports (Chen et al. 1993; Lee and Jayaram 1993) , and its advantages described (Jayaram 1994) , although other cleavage modes such as trans-horizontal were not ruled out. A more recent study is most consistent with a trans-horizontal cleavage (Lee et al. 1994) . active site tyrosine can be bound nonspecifically and too weakly to be readily detected in a gel retardation assay.
In Figures 2D and 13 , we outline a hypothesis not yet considered for these reactions, an asymmetric cleavage mechanism in which three FLP monomers, rather than two or four, are required to form two composite active sites for cleavage. The FLP-binding sites in the FRT are symmetrical. Barring multiple DNA-binding modes, two FLP monomers should bind to the FRT to create a complex with C2 symmetry. Interaction between the two FLP monomers leads to DNA bending, as characterized Figure 13 . A model for DNA cleavage by an asymmetric trimet of FLP protein. Binding to the FRT is initially symmetric, but realignment of the complex coupled to the DNA bending characterized previously by Sadowski and colleagues {Schwartz and Sadowski 1990; Kulpa et al. 1993} moves only one of the two FLP monomers into a position with its active site tyrosine poised for transesterification. Only one of two FLP monomers bound to the second FRT site participates in the initial cleavage and strand exchange. The illustration shows how three FLP monomers might combine to form two composite active sites for DNA cleavage and is not intended to represent the only possible scheme consistent with a trimeric catalytic FLP complex. Other geometric arrangements of the FLP monomers and DNA are possible.
by Sadowski and colleagues {Schwartz and Sadowski 1990; Kulpa et al. 1993) . Although an asymmetric complex could be produced in a variety of ways, the DNA bending provides a simple path to generate an asymmetric complex in which only one of the two FLP monomers had its active site tyrosine positioned to react. The other FLP monomer could participate in an intermolecular cleavage. This mechanism might yield both a trans-horizontal and a trans-vertical cleavage pattern in appropriate experiments {Fig. 2}, helping to explain the sometimes conflicting results obtained with FLP. The third FLP monomer is not auxiliary but plays a direct role in the reaction. The trimeric species that we observe in the present study are very stable, and the formation of a complex containing three FLP monomers clearly correlates with cleavage and strand exchange. Even in this mechanism, a fourth monomer might play a transient auxiliary role in the reaction. Dixon and Sadowski { 1993) examined the resolution of × structures, concluding that only two intact FLP protein-binding sites were required for resolution to occur. This was true regardless of which two FLP protein-binding sites were unaltered. Because resolution would presumably require two FLP monomers bound on the same side of the two FRT spacer sequences, some of the cleavage patterns suggested that at least one additional FLP monomer might bind nonspecifically to altered × structures. In our work the large difference in resolution efficiency observed when more than one FLP-binding site is altered has been made more apparent. The alterations that we have made to the FLP-binding sites are complete {in the sense that the mutant site represents the most deleterious change at every base pair), and the use of detailed time courses further highlights the differences between × structures with two or three FLP-binding sites.
The gel retardation studies provide data that emphasize a potential role for three FLP monomers in the resolution reaction. Trimeric species are observed in some cases even with × structures that force one FLP monomer to bind nonspecifically. The minimal resolution that occurs in × structures with two FLP-binding sites removed correlates closely with the observed formation of the ×c3 (trimeric)complexes in the gel retardation experiments. In × structures with only one FLP-binding site removed, there is little or no formation of tetrameric species, even though resolution occurs efficiently. At a minimum, the facile formation of stable trimeric species in FLP-mediated reactions suggests a new aspect of asymmetry in FLP complexes, such that any tetrameric species might be thought of as trimer plus monomer rather than dimer plus dimer.
If a fourth FLP monomer, bound nonspecifically, participates directly in × structure resolution, the relaxation of the DNA-binding requirements would be unique to the resolution reaction. Although three FLP monomers bound to their cognate binding sites is sufficient for × resolution, four FLP monomers thus bound are required for × generation {presumably arranged as two dimers on separate FRT sites). Dixon and Sadowski (1993) also pointed out that alterations in an FLP-binding site in one of two FRT sites undergoing a reaction have a much larger effect than the same alterations in one FLP-binding site have on × resolution. Both here (Fig. 12) and in previous work, we have noted that a reaction of half-sites with full sites does not occur unless the half-sites have ends that permit head-to-head alignment to form a pseudo-full site. In addition, two full sites do not react if one of the FLP-binding sites in one FRT is mutated so it will not bind FLP recombinase.
The idea that the fundamental catalytic unit of FLP recombinase is a trimer must be reconciled with the requirement for four specifically bound FLP monomers in × generation. The fourth monomer required to initiate recombination could be needed at the synapsis step, dissociating once synapsis was complete and an active trimet had been formed. A fourth FLP monomer might also be required in the X isomerization step, either binding transiently in a facilitation role or binding such that another FLP monomer is displaced once isomerization is complete. The latter complex reorganization would mean that X structure formation and resolution would be carried out by trimeric FLP complexes containing a somewhat different set of FLP monomers. It is likely that FLP monomers have multiple surfaces for interaction with other monomers, with only a subset of these surfaces occupied in any given complex.
The presence of the dimeric complex in the half-site reaction may be informative. The dimer and trimer complexes are not interconvertible if they are preformed, as observed previously by Qian et al. (1990) . There is no evidence that either complex is derived from the other. There are at least two scenarios for the formation of the stable dimeric complex of FLP proteins bound to halfsites: One is that the dimer is sufficient to carry out the cleavage reaction; and the other is that two dimers must come together to generate the cleaved complex. The dimers and/or trimers may be derived from a transient tetrameric species that reorganizes as soon as it is formed. The disruption of dimer formation by longer spacer sequences (Qian et al. 1990 )provides evidence that the cleavage within the half-site dimers is effectively trans-horizontal.
The recent work of Landy and co-workers (NunesDfiby et al. 1994) indicates that cleavage by the )~ integrase occurs in cis. This contrasts with FLP and provides the first indication that the reaction mechanisms in the two systems are significantly different. We note, however, that the complementation studies of Han et al. (1993) indicated that a composite active site can be formed in reactions of the ~, integrase as demonstrated for FLP protein. There is also evidence that three Int monomers are needed to promote cleavage and strand exchange (Franz and Landy 1990; Kho and Landy 1994) . A slight modification of the composite active site model proposed by Jayaram for FLP may be worth some consideration for the ~, integrase. One could imagine a situation in which the nucleophylic tyrosine provided by the Int monomer bound adjacent to the cleavage site (in cis)was complemented by RHR catalytic residues provided by an Int monomer bound elsewhere (in trans). If a composite active site of this kind were possible, the results of Han et al. (1993) and Nunes-D~iby et al. (1994) might be reconciled, and a plausible asymmetric trimer model similar to the model in Figure 2D might be constructed for Int.
Materials and methods
Enzymes and chemical reagents
FLP protein was purified by a published procedure (Pan et al. 1991) , with the exception that the preparations were applied to an FRT DNA affinity column {Meyer- Leon et al. 1987 ) before the FPLC Mono-S cation exchange step. FLP protein obtained in this manner is >95% homogenous as determined by SDS-PAGE. The FLP protein concentration was determined using the method of Bradford (1976) . Mutant FLP proteins (a single mutant, Y343F, and a double mutant, Y343F, H305S)were generous gifts from M. Jayaram (University of Texas, Austin). The mutant proteins were purified further by chromatography on a DNA affinity column (Meyer-Leon et al. 1987) to >80% purity as determined by SDS-PAGE. The concentration of mutant proteins was measured on a polyacrylamide gel after Coomassie staining, using several lanes with known wild-type FLP protein concentrations to generate a standard curve with a One-Scanner laser scanner and the Ofoto software program. Restriction enzymes, T4 polynucleotide kinase, and [3-agarase I were purchased from New England Biolabs. Oligonucleotides were synthesized by Operon Technologies, Inc. Low-melting-temperature agarose (type VII)and bovine serum album were from Sigma. Syringe filters (0.45 ~m pore size)were from NalGene, Inc.
DNA substrates
Half-FRT site DNA was generated by XbaI or EcoRI restriction digestions of plasmid pXHQ01 (2811 bp; Qian et al. 1990 ). This plasmid contains a single half-FRT site, and the restriction digestion generates a linear DNA with the half-site at or near the end as shown in Figure 3 . The XbaI-cut DNA was labeled at the 3' end with [~-32p] dCTP by avian myeloblastosis virus reverse transcriptase (Qian et al. 1990} . The labeling efficiencies at either end of the DNA were equal as determined by cleaving the labeled DNA with PstI and quantitation of the 32p label in the resulting 0.8 and 2.0-kbp fragments. The EcoRI-cut half-site DNA was labeled at the 3' ends with [c~-32p]dATP using the same method. Full-site DNA was generated by PstI digestion of plasmid pJFS39 (2820 bp) (Senecoff and Cox 1986) . All plasmid DNA used in this study was purified by banding twice in a cesium chloride gradient in the presence of ethidium bromide. The concentrations of single-stranded and double-stranded DNAs were determined by absorbance at 260 nm, using 36 or 50 }xg/ml per A260 unit as conversion factors, respectively. DNA concentrations are expressed in terms of total molecules.
Construction of Holliday (X) structures
X structures were generated by annealing four complementary oligonucleotides. The sequences of the oligonucleotides forming the wild-type × structure are as follows (the FRT sequences are underlined, the 13-bp repeat are shown by italics, and the spacer is in bold):
5'-GATCCAcAGGTAACGCAcTAGGTcGAA
GTTCCT-A TA CTTTcTAGAGAA TA GGAA CTTCCGACAGCCAC-TA-3' (70-mer).
